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The effects of various concentrations of solvent vapor (either water or methanol) added to the curtain/drift
gas in a planar high-field asymmetric waveform ion mobility spectrometer (FAIMS) have been examined.
Two different groups of analyte ions (the [M−H]− ions of three positional isomers of phthalic acid and
the M− and [M−H]− ions of four explosives: TNT, 2,4 DNT, 2,6 DNT, and 3,4 DNT) were analyzed. Results
vailable online 23 April 2010
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showed that with the addition of small amounts of solvent vapor (∼1.5% water and 12.3% methanol), there
were dramatic shifts to larger CV values for all ions analyzed. There were substantial benefits provided
by adding solvent vapor, including dramatically increased resolving power of isomeric ions (up to∼141).
Specifically, analyte ions examined in dried nitrogen exhibited overlapping, undistinguishable CV values,
but with large CV shifts afforded by addition of solvent vapor, these analyte ions were completely resolved
from one another.
lectrospray

. Introduction

High-field asymmetric waveform ion mobility spectrometry
FAIMS) separates and filters ions generated by various atmo-
pheric pressure ionization methods [1,2]. FAIMS is similar to
onventional ion mobility spectrometry (IMS) in that it uses the
otion of ions produced by an applied electric field to achieve sep-

ration. Further, this ion motion occurs in a drift gas, typically at
ne atmosphere. The major difference between the two techniques
s the magnitude of and method of applying the electric field. In
onventional IMS, a low constant electric field, generally less than
00 V/cm, is applied parallel to the direction of separation, and is
sed to move the ions through the drift gas inside the spectrom-
ter. In FAIMS, a much higher electric field, generally greater than
0,000 V/cm, is applied perpendicular to the direction of separa-
ion and the drift gas is used to move the ions in the direction of
eparation. The electric field in FAIMS is also not constant, with an
symmetric waveform alternating between periods of opposite-
olarity.

The principles of operation of FAIMS were first described by

uryakov et al. [3] and further detailed by Guevremont et al. [1,2,4]

ons that are subjected to an electric field in a drift gas will move
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along the applied field lines with a velocity given by Eq. (1),

v = K × E (1)

where v is the drift velocity of the ion, K is the coefficient of ion
mobility, and E is the applied electric field strength. At low elec-
tric fields, ∼200 V/cm, K is independent of applied electric field
and ions with different K values travel at different velocities [3,5].
Conventional IMS uses these velocities to achieve separation.

At the higher electric fields used in FAIMS, >∼10,000 V/cm,
K becomes dependent on applied field strength in a non-linear
manner [3]. The high-field mobility is referred to Kh, a high-field
mobility term, that varies depending on field strength. The depen-
dence of mobility at high-field can be described by Eq. (2),

Kh = K

[
1+ ˛

[
E

N

]2
+ ˇ

[
E

N

]4
· · ·

]
(2)

where Kh is the high-field mobility, K is the low-field mobility,
E is the applied electric field in V/cm, N is the gas number den-
sity in molecules/cm3, and ˛ and ˇ are ion-specific dependencies
on applied electric field (i.e., the [M+H]+ and M+ ions may have
different ˛ and ˇ) [4].

To generate the high fields used in FAIMS, typically a radio fre-
quency (RF) asymmetric waveform is applied to one plate while the

other plate is held at or near ground. This asymmetric waveform,
V(t), is composed of a high-voltage portion, often referred to as dis-
persion voltage (DV, 0 to peak) applied for a short period of time
(V1 and t1) and a lower voltage, opposite-polarity portion applied
for a longer period of time (V2 and t2). The sum of the time–voltage
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roducts of the waveform is equal to zero, as shown in Eq. (3) [2–4],

1 × t1 + V2 × t2 = 0 (3)

s a result of the high-field dependence on ion mobility, ions will
xperience two different mobilities during one cycle of the asym-
etric RF waveform, which generates two different velocities (Eq.

1)). As ions are moved pneumatically through the cell perpendic-
lar to the applied field, they will experience a net displacement
owards one of the electrodes if there is a sufficient difference
etween the two velocities. If an ion experiences enough cycles of
he asymmetric waveform, it will strike one of the two electrodes
nd be neutralized. To offset an ion’s net displacement, a small
irect current (DC) potential is applied to one of the electrodes and

s referred to as a compensation voltage (CV). This CV value is essen-
ially a measure of the difference in mobility of an ion at the two
ifferent applied fields. Since Kh is ion-dependent, the magnitude
f the CV needed to offset the net displacement will be different for
ifferent ions, including isomeric ions [6–8]. Under the conditions
ppropriate to transmit one ion, i.e. correct DV and CV, other ions
ill drift towards one of the plates and be lost. FAIMS spectrom-

ters essentially act as ion filters which selectively transmit ions
ith the appropriate ratio of Kh to K. A mixture of compounds can

e analyzed by scanning the CV over a range of voltages, producing
CV spectrum. The CV can also be held constant, allowing specific

ons to be transmitted [1,3,4].
In general, FAIMS spectrometers are composed of two plates,

lanar or curved, placed a uniform distance apart. Planar geome-
ries typically offer higher specificity and resolving power at a cost
f lower transmission [9], whereas curved geometries offer greater
ransmission due to an electrostatic focusing effect at a cost of lower
esolving power [10,11]. Resolving power for a FAIMS spectrometer
s defined by Eq. (4),

p = |CV|
RWHM

(4)

here Rp is the resolving power, |CV| is the absolute value of the
easured compensation voltage for a particular ion, and FWHM

s the full width in volts at half maximum height for the CV
eak. Resolving power is an instrumental parameter that estimates
ow well the instrument (and conditions under which it is oper-
ting) can separate or resolve two ions with similar behaviors
12,13]. The resolution between two neighboring peaks is defined
y Eq. (5),

S =
|CV2 − CV1| × 2[

PW210% + PW110%

] (5)

here Rs is the resolution, CV1 and CV2 are the CV values for the
ons of interest, and PW110% and PW210% are the peak widths in volts
t 10% of the full height.

As shown in Eq. (2) above, the dependence of Kh on high-field
epends on two ion-specific terms, ˛ and ˇ. The reasons why dif-
erent ions have different ˛ and ˇ terms are not fully understood. Of
articular interest to us is how ion chemistry can affect those terms,
nd therefore the way ions behave in the FAIMS spectrometer. Pre-
ious work has shown that when water vapor concentrations or
ontamination in the drift gas is high, there are very apparent chem-
cal effects [4,14–17]. When water or other vapors are present in
he carrier gas, an ion may collide with those neutral molecules
nd form complexes. These complexes in turn may have different
obilities at the two different fields used in FAIMS as compared

o the bare ion. In FAIMS spectrometers using curved plates, these

omplexed ions will not be efficiently resolved, or may be lost all
ogether from the FAIMS spectrometer due to the focusing effect
1,4,10,11]. Indeed, it is critical that dry gases be used with curved
late geometry. Otherwise, ion CV peaks broaden and signal is

ost altogether [2,14]. Due to this demand for dry gas in curved
f Mass Spectrometry 300 (2011) 173–181

plate FAIMS spectrometers, it has been shown that careful selec-
tion of ionization and injection conditions at the entrance of the
FAIMS spectrometer is important for good performance. Particu-
larly important are the flow rate of the solution into the ionization
source, the flow rate of the drift gas and the solvent composition of
the analyte solution [14].

Eiceman and coworkers showed that concentrations of water
in the drift gas above approximately 50 ppm caused CV shifts
of organophosphorus ions using a micromachined planar FAIMS
spectrometer [16]. These shifts were explained by a formation of
water-ion complexes during the lower voltage portion of the asym-
metric waveform which were dissociated to bare ions during the
higher voltage portion of the waveform. The complexation of the
ions was enough to change their mobility so that the difference
between the lower field mobility and higher field mobility changed
[15,18]. This group also reported the addition of dopant compounds
to the carrier gas to assist in the detection of explosives [17]. Other
groups have shown separation of the isomers of phthalic acid by
the addition of carbon dioxide to the carrier gas [7,19].

Much of the work exploring the effects of solvent vapors or
contaminants has concentrated on either curved FAIMS spectrom-
eters coupled with mass spectrometry or micromachined planar
FAIMS spectrometers. Both of these geometries offer some inter-
esting insights into the effects of solvent vapor on performance of
the FAIMS spectrometer. For curved geometries, detailed investi-
gations into solvent vapor effects using high concentrations are not
possible, as the focusing effect causes a dramatic decrease in ion sig-
nal or a complete loss of ion signal all together [4,14,15]. The main
focus for research on the effects of solvent vapor in curved geome-
try has therefore been how to limit and control the levels of vapors
allowed to enter the spectrometer. Ion signal in a micromachined
planar geometry FAIMS spectrometer is not as affected by solvent
vapor due to the lack of ion focusing effect. Micromachined geome-
tries, however, do not offer very high resolving powers due to the
small size and short ion residence time. It has been shown that
the resolving power of a FAIMS spectrometer, particularly planar
geometries, increases as the residence time inside the cell increases
[20,21]. Higher resolving power planar FAIMS spectrometers have
been built by Smith and coworkers, showing resolving powers up
to at least 40 [21]. The use of such high resolving power FAIMS spec-
trometers to monitor the effects on performance with the addition
of solvent vapor can provide some additional insight into the how
and why solvent vapor affects ions as they move through the FAIMS
cell.

This study focuses on using a high resolving power planar FAIMS
spectrometer to monitor the effects on ions when solvent vapors
are added to the cell in controlled amounts. Ions generated by either
electrospray ionization (ESI) or atmospheric pressure chemical ion-
ization (APCI) were analyzed and the CV value, peak width and
ion signal were monitored as the concentration of solvent vapor
(methanol or water) was changed. The effect on CV value, peak
width, and ion signal as a function of solvent vapor concentration
can lead to a better understanding of the ion chemistry inside the
FAIMS spectrometer. The use of a high resolving power FAIMS spec-
trometer provides a greater opportunity to monitor small changes
in CV peaks to help elucidate the progression of solvent effects. The
analytical potential and practicality of addition of solvent vapor to
the carrier gas have also been investigated.

2. Experimental
2.1. Instrumentation

All of the work reported herein was performed using a custom
built planar FAIMS spectrometer. The FAIMS cell consisted of two
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Fig. 1. Custom built planar FAIMS spectrometer.

olished parallel plates 20 mm×65 mm in overall size housed in
plastic (PEEK) enclosure (Fig. 1). The parallel plates were held a
niform distance apart to create the analytical gap through which
he carrier gas moved the ions. This gap was 2.0 mm for all of the
xperiments described. The cell was constructed such that ions
ould be injected into the cell either parallel or orthogonal to the
irection of ion separation. All of the work described here used
rthogonal injection giving, an effective cell length of 50 mm. Ions
rst pass through a curtain plate/curtain gas interface before enter-

ng into the FAIMS cell. The gas (nitrogen) was introduced to the
AIMS spectrometer in the region between the curtain plate and
he entrance into the cell. A portion of this gas is drawn into the
ell and serves as the FAIMS drift gas, while the bulk of the gas
xits through the curtain plate/curtain gas interface and aids in the
esolvation of the ions. The asymmetric waveforms and compensa-
ion voltage (CV) were generated using a Thermo Scientific FAIMS
aveform generator (San Jose, CA) operating at 750 kHz. For all

f the studies, the dispersion voltage (DV) was kept constant at
3500 V0–p and the CV was scanned over the range of interest. Ions
ere mass analyzed after passing through the FAIMS spectrome-

er using a Finnigan TSQ7000 triple quadrupole mass spectrometer
San Jose, CA). The exit of the FAIMS spectrometer was interfaced
irectly to the heated capillary interface of the mass spectrometer.
his interface was sealed such that the carrier gas flow rate through
he FAIMS cell was controlled by the flow rate into the mass spec-
rometer. This flow rate was approximately 0.7 L/min for all of the
xperiments described below. Ions were generated using either a
ustom electrospray ionization (ESI) source or a modified TSQ7000
tmospheric pressure chemical ionization (APCI) source, depend-
ng on the type of analyte. Ionization conditions were monitored
nd set to provide the highest ion signal for each set of analytes.

.2. Materials

Two different sets of analytes were studied. The three positional
somers of phthalic acid were studied, as previous work has shown
hat the isomers exhibit different behaviors in FAIMS experiments

nd can be separated [7,22]. The identity of the isomer cannot
e determined using mass spectrometry alone or using conven-
ional IMS [23]. Four explosives, trinitrotoluene (TNT) and three
ositional isomers of dinitrotoluene (2,4, 2,6, and 3,4) were also
tudied. Previous work has shown that the FAIMS can provide high
Mass Spectrometry 300 (2011) 173–181 175

levels of sensitivity and selectivity for the detection of explosives
[17,24]. The solvents used in these studies, HPLC grade water and
methanol, were obtained from Fisher Scientific (Waltham, MA). The
o-, m-, and p-isomers of phthalic acid were obtained from Acros
Organics (Geel, Belguim). The phthalic acid isomers were dissolved
and diluted to a final concentration of 50 ppm each in 90%/10%
methanol/water with 0.2 mM ammonium acetate. The individual
isomer solutions were ionized by negative ESI, producing [M−H]−

ions. The four explosive samples were provided by the Analytical
Laboratory of Israeli Police Headquarters. The individual explosive
analytes were diluted to a final concentration of 20 ppm each in
65%/35% methanol/water and ionized using negative APCI, produc-
ing M− and [M−H]− ions. Nitrogen was used as both the curtain
and carrier gas for all experiments. The nitrogen was obtained from
boil-off from a liquid nitrogen dewar and was then passed through
a hydrocarbon/moisture trap (Agilent, Santa Clara, CA) to remove
any impurities and dry the gas.

2.3. Procedures

Each analyte was analyzed individually using either dried nitro-
gen or dried nitrogen with various concentrations of solvent vapor
(water or methanol), added to the curtain/drift gas. To obtain the
various concentrations of solvent vapor, dried nitrogen was sparged
through a volume of the solvent of interest in a sealed bottle kept at
room temperature (∼22 ◦C). The headspace of this bottle was then
taken and mixed with additional dried nitrogen to obtain the final
desired concentration. The amount of solvent present in the gas
was measured by determining the amount of weight lost after set
amounts of gas were passed through the solvent. The setup used
here provided solvent-saturated gas at the flow rates used in the
studies (3.5–3000 mL/min). The maximum concentration for water
was 17,500 ppm (w/v) and 123,000 ppm (w/v) for methanol. For
each experimental condition, the CV was scanned over the range
of interest producing a CV spectrum. The mass spectrometer was
set to acquire data in selected ion monitoring mode for the ions of
interest. The changes in CV value at the centroid of the analyte peak,
peak width at FWHM, and the ion signal intensity were monitored
to determine the effects of solvent vapor on behavior in the FAIMS
spectrometer.

3. Results and discussion

3.1. Concentration effects

3.1.1. Phthalic acid isomers
Fig. 2a–c shows plots of the CV value, FWHM, and normal-

ized signal intensity (normalized to value in dried nitrogen) for
the [M−H]− ions of the three isomers of phthalic acid as a func-
tion of water vapor concentration in the nitrogen curtain/drift gas.
Fig. 3a–c shows the same plots for the three phthalic acid isomers
versus concentration of methanol vapor. The three isomers showed
different CVs, peak widths and intensities as the concentration of
water or methanol increased. It is not known if the decrease in sig-
nal for all three isomers is a function of the presence of solvent
vapor inside the FAIMS spectrometer or due to the effect of curtain
gas containing solvent vapor on the electrospray ionization pro-
cess. The ESI configuration used in these experiments did not use a
sheath gas to aid in desolvation of the ions, so the presence of sol-
vent in the curtain gas, which is used to aid desolvation, may have

affected the intensities of the [M−H] ions.

The [M−H]− ions of the m- and p-isomers showed some similar
behavior, especially in the changes in FWHM at lower concentra-
tions and CV shift. For all three isomers, there was initially peak
broadening at low concentrations. As the concentrations increased,
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Fig. 2. Plots of CV value (a), FWHM (b), and normalized signal intensity (c) for the
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compensate for the amount of net displacement inside the FAIMS
M−H]− ions of the o- (D), m- (C), and p- (A) isomers of phthalic acid with various
oncentrations of water vapor added to the nitrogen curtain/carrier gas. The insets
n the figures expand the regions at lower concentrations.

he peak widths returned to approximately the value measured in
ried nitrogen. The CV values for the isomers all increased with

ncreasing concentration, before beginning to level off at the high-
st concentrations achievable. The concentration levels at which
eak widths return to approximately the original values and CV
alues begin to level off are similar.

The observations made here are most likely due to clustering
nteractions between the ions and solvent vapor inside the cell.
iceman et al. stated that concentrations of vapors or contam-
nants above approximately 50 ppm can affect the performance
f the FAIMS spectrometer [15]. As ions are moved through the

AIMS spectrometer by the drift gas, they are being oscillated in
pposite directions by the asymmetric RF waveform. The oscilla-
ion imparts kinetic energy or “heats” the ions, and asymmetry in
he waveform causes the ions to experience two different ion tem-
Fig. 3. Plots of CV value (a), FWHM (b), and normalized signal intensity (c) for the
[M−H]− ions of the o- (♦), m- (�), and p- (©) isomers of phthalic acid with various
concentrations of methanol vapor added to the nitrogen curtain/carrier gas. The
insets in the figures expand the regions at lower concentrations.

peratures. During the high-field portion of the waveform, the ions
will be “hotter”, increasing the likelihood that they will be unsol-
vated or unclustered “bare” ions. During the low-field portion of the
waveform, the ions will be “cooler”, and more likely to be solvated
or clustered with solvent molecules forming clustered ion-neutral
species. These clustered species will tend to have lower mobilities
in the drift gas, as they are larger than the unclustered species.
This decrease in mobility will increase the net difference between
the high-field and low-field mobilities. As mentioned above, the
CV is used to offset net displacements inside the cell caused by
differences in high- and low-field mobility. The increase in the
mobility difference means that additional voltage will be needed to
spectrometer, increasing the CV.
The observation of initial peak broadening and then narrowing

supports the theory of clustering of solvent molecules around the
ions and suggests a possible mechanism. As solvent vapor is first
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signifies that ions are nearing “complete” solvation at low-field.
ig. 4. Plots of CV value (a), FWHM (b), and normalized signal intensity (c) for the
− ions of TNT (♦), 3,4 DNT (�), 2,4 DNT (©), and 2,6 DNT (�) and the [M−H]− ion of

,4 DNT (�) with various concentrations of water vapor added to the dried nitrogen
urtain/carrier gas.

ntroduced into the FAIMS spectrometer and the concentrations are
ow, some ions may have more solvent molecules attached than
ther ions. This creates a broad distribution in the extent of solva-
ion. This distribution also creates a distribution in the mobilities
uring the low-field portions of the waveform and therefore a dis-
ribution in net displacements for the ions of interest. This range of
et displacements requires a broad range of CV values to transmit

ons effectively and creates a broad peak.
As more solvent is added, the ion-solvent clusters begin to all

pproach a maximum size and no more solvent molecules can be
dded [25–27]. This “complete” solvation at low-field means all
ons no longer exhibit a distribution of mobilities but have a sin-

le low-field mobility. At this stage there should be a single net
isplacement, as there is only one low-field mobility and one high-
eld mobility. The peak width returning to approximately the value

n dried nitrogen at these higher concentrations adds support for
Fig. 5. Zoomed-in plots of CV value (a), FWHM (b), and normalized signal intensity
(c) for the M− ions of TNT (♦), 3,4 DNT (�), 2,4 DNT (©), and 2,6 DNT (�) and the
[M−H]− ion of 2,4 DNT (�) with various concentrations of water vapor added to the
dried nitrogen curtain/carrier gas.

this theory. Presumably in dried nitrogen, ions would exist with
two distinct mobilities as there would be no solvent vapor present
to create clusters. Other support for this theory is seen in the plots
of CV value. As mentioned above, the clustering of solvent with the
ions at low-field leads to the increase in CV value. If the ions reach a
state of “complete” solvation at low-field, the CV value should reach
a maximum. As the concentration of solvent vapor increases, there
is an initial large increase in CV value. At higher solvent vapor con-
centrations, the CV values begin to level off, reaching a maximum
The plot for the CV value for o-phthalic acid with methanol
vapor concentration also showed a slight decrease in CV value at
the highest concentrations achievable. One possible cause of this
is that at the high concentrations present, not only is the low-
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eld ion “completely” solvated, some of the high-field ions start to
ecome solvated. This would decrease the net displacement in the
AIMS spectrometer lowering the CV value needed to transmit the
ons. Note that no peak broadening was observed at high methanol
oncentrations. The phthalic acid isomers’ behavior shown here
as some correlation to the previously published work showing
he effects on the isomer ions behavior with the addition of car-
on dioxide to the drift gas [7]. Particularly, similar effects were
bserved in the increase in the CV value as the concentration of
arbon dioxide increased and the similar behavior of the m- and
-isomers.

.1.2. Explosives
Fig. 4a–c shows the plots of CV value, FWHM, and normalized

ignal intensity (relative to value in dried nitrogen) for four explo-
ives as a function of the water vapor concentration in the nitrogen
urtain/drift. Fig. 5 shows zoomed-in plots for the regions at low
oncentrations for Fig. 4. The M− ions of the four explosives showed
imilar trends in CV value as were observed for the [M−H]− ions
f the isomers of phthalic acid. There was a large increase in CV
alue as the concentrations of water vapor increased before begin-
ing to level off and approaching a maximum at the highest vapor
oncentrations achievable.

Differences in the behavior of the explosive analytes and
hthalic acid isomers were observed in which ionic species reacted.
egative APCI of the explosive analytes produced the M− ion as the
ajor ion for TNT, 3,4 DNT and 2,6 DNT, with an [M−H]− ion at

.25–2% relative abundance. In contrast, APCI of 2,4 DNT generated
oth an M− ion and an [M−H]− ion, with the latter being the 5–10
imes more abundant. The behavior of the [M−H]− ion of 2,4 DNT
as very different from the M− ion. As the concentration of water

apor increased, there was a very gradual increase in CV for the
M−H]− ion as compared to the M− ion. It was also observed that
s the concentration of water vapor increased, there was an ini-

ial large increase in the signal intensity for the M− ions before a
ecrease at higher concentrations. The [M−H]− ion had very little

f any signal increase before decreasing at higher water vapor con-
entrations. The reasons for the changes in signal and sensitivity
ere not investigated.

ig. 6. CV scans of three phthalic acid isomer mixture acquired with different solvent va
ith ∼7000 ppm water vapor added to the dry nitrogen. CV scan (c) was acquired with ∼
f Mass Spectrometry 300 (2011) 173–181

The increases in the CV values of the ions is likely due to clus-
tering of solvent molecules around the ions during the low-field
portion of the asymmetric RF waveform, as was theorized for the
phthalic acid isomers above. However, the lack of any significant
peak broadening as was seen with the phthalic acid isomers, specif-
ically the m- and p-isomer, may indicate differences in the way
solvent molecules cluster around the ions. As mentioned above,
peak broadening may be indicative of a broad distribution of solva-
tion levels at low-field. To put it in general terms, some ions may
have one solvent molecule attached whereas others may have two
or more solvent molecules attached. For the explosive ions, there
may be a much narrower distribution of solvation levels. This nar-
rower distribution may in turn yield an ion with two “distinct” high
and low-field mobilities, and thus the CV peak width would stay
relatively unchanged.

Eq. (6) represents the formation equilibrium for a negative ion
and a negative ion clustered with n solvent molecules with a for-
mation constant of Kf. Differences in ion chemistry and clustering:

ion−
Kf←→ion−•(solvent)n (6)

mechanisms will yield different Kf values for different compounds
and even for different ionic species of individual compounds. Fur-
ther experiments to help understand this formation equilibrium
and potentially take advantage of the behaviors of ions with the
addition of solvent vapor are important in the development of
FAIMS as an analytical technique.

3.1.3. Increased resolution with solvent vapor
These experimental results suggest that there may be practi-

cal analytical benefits from solvent vapor in FAIMS. Looking at the
graphs for the shift in CV with addition of solvent vapor, one can see
that in dried nitrogen there is often overlap of analytes. As the sol-
vent vapor concentrations increase, the individual analytes shift at

different rates and generally move farther from one another. Note
that a greater difference in CV values (the differences between the
centroids of the peaks) does not guarantee improved resolution of
A from peak B, since that is also affected by peak width. To clarify
the effect of solvent vapor on resolution, the analytes were ana-

por conditions. CV scan (a) was acquired in dry nitrogen. CV scan (b) was acquired
15,000 ppm methanol vapor added.
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ig. 7. CV scans of TNT and three DNT isomers (3,4, 2,4 (M−), 2,4 [M−H]− , and 2,6) a
V scan (b) was acquired with ∼7000 ppm water vapor added.

yzed in dried nitrogen and those results were compared to results
btained using a set concentration of solvent vapor added to the
urtain/carrier gas. Concentrations were chosen by picking points
n the graphs were the analytes showed significant differences in
V as well as reasonable signal intensities and peak widths that
ere approximately back to the values in dried nitrogen. The val-
es used were∼7000 ppm (w/v) for water vapor and∼15,000 ppm
w/v) for methanol vapor.

Fig. 6a–c shows three CV spectra for the isomers of phthalic
cid acquired under three different solvent conditions; dried nitro-
en, water vapor added, and methanol vapor added, respectively.
races for the [M−H]− ion of individual analytes are shown to aid in
istinguishing one compound from another however a mixture of
nalytes did exhibit the same overall CV spectrum. For dried nitro-
en (Fig. 6a), the m-isomer was separated and baseline resolved
rom the o- and p-isomers. The o- and p-isomers showed some
eparation but were not resolved from one another, and in a mix-
ure would appear as a single peak with two maxima. With the
ddition of ∼7000 ppm water vapor, the [M−H]− ions of the three
somers moved away from their dried nitrogen values by differ-
nt amounts, significantly increasing their separation. The o-isomer
oved much more than the other two isomers allowing all three

somers to be resolved. With the addition of∼15,000 ppm methanol

apor, the [M−H]− ions of the three isomers moved even further
rom their initial positions in dried nitrogen, further increasing the
esolution between the individual peaks. Table 1 summarizes the
V values, resolving power and resolution for the individual CV

able 1
ncreased resolution of [M−H]− ions of phthalic acid isomers with solvent vapor.

Dried nitrogen ∼7000 ppm water

CV Rp Rs CV Rp

m- 7.37 ± 0.02 V 20.5 ± 0.5 m- 29.65 ± 0.02 V 71.7
2.42 ± 0.05

o- 8.99 ± 0.02 V 22.3 ± 0.5 p- 32.58 ± 0.03 V 88.9
0.67 ± 0.08

p- 9.45 ± 0.02 V 27.0 ± 0.3 o- 35.36 ± 0.03 V 86.1
d with different solvent vapor conditions. CV scan (a) was acquired in dry nitrogen.

spectra. The data shown in the table are the averages from three
scans plus/minus the standard error. The first column in each sec-
tion lists the CV value at the centroid of each individual peak. The
second column lists the resolving power at each peak, as calcu-
lated by Eq. (3). The third column lists the resolution between
neighboring CV peaks, as calculated by Eq. (4). If two peaks have
a resolution value above one, they are considered to be baseline
resolved [12].

For the dried nitrogen case, all three phthalate ions exhibited dif-
ferent CV values. However, as is seen in Fig. 6a, the o- and p-isomers
are not fully resolved, with a resolution value less than one (∼0.67).
The maximum resolving power for the FAIMS spectrometer is∼27.
With the addition of ∼7000 ppm water, the CV values for all three
isomers increased. The order in which the isomers appeared in the
spectrum also changed, as the o- and p-isomer switched positions.
The calculated resolution between peaks also increased, with val-
ues now well above one. Maximum resolving power increased to
∼89 due to an increase in CV value while maintaining relatively
narrow peak widths. With the addition of ∼15,000 ppm methanol
vapor, there were further increases in CV values, although the order
of the isomeric ions stayed the same as seen with water vapor
added. The calculated resolution between peaks decreased slightly
for the m- and p-isomers but was still well above the baseline res-

olution threshold of one. The calculated resolution between the o-
and p-isomer increased dramatically over the value seen with water
vapor added due to the very large increase in CV value for the o-
isomer. The maximum resolving power for the FAIMS spectrometer

∼15,000 ppm methanol

Rs CV Rp Rs

± 2.2 m- 43.79 ± 0.09 V 114.2 ± 4.8
4.17 ± 0.05 3.4 ± 0.1

± 1.8 p- 46.53 ± 0.07 V 114.2 ± 5.2
3.98 ± 0.04 18.3 ± 0.4

± 1.8 o- 62.18 ± 0.10 V 140.6 ± 3.5
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Table 2
Increased resolution of the M− and [M−H]− ions of four explosives.

Dried nitrogen ∼7000 ppm water

CV Rp Rs CV Rp Rs

TNT (M−) 4.46 ± 0.01 V 13.9 ± 0.4 2,4 DNT ([M−H]−) 15.10 ± 0.02 V 40.4 ± 1.2
3.07 ± 0.03 4.6 ± 0.05

3,4 DNT (M−) 6.29 ± 0.02 V 18.5 ± 0.3 TNT (M−) 18.70 ± 0.03 V 37.6 ± 0.8
1.82 ± 0.06 11.34 ± 0.17

2,4 DNT (M−) 7.40 ± 0.02 V 27.8 ± 1.8 2,6 DNT (M−) 27.76 ± 0.02 V 78.8 ± 4.4
1.45 ± 0.03 1.88 ± 0.03

2,4 DNT ([M−H]−) 8.25 ± 0.02 V 30.0 ± 1.6 3,4 DNT (M−) 29.18 ± 0.01 V 69.7 ± 1.8
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0.20 ± 0.04
2,6 DNT (M−) 8.37 ± 0.01 V 25.8 ± 0.6

as ∼141, once again due to the large increase in CV value while
aintaining relatively narrow peak widths.
Fig. 7a and b shows two CV spectra for four explosives acquired

nder different solvent conditions: dried nitrogen and ∼7000 ppm
ater vapor added to the curtain/drift gas. Individual traces for the
− ion of the four analytes (and for the [M−H]− ion of 2,4 DNT)

re shown to aid in distinguishing one compound from another.
or dried nitrogen (Fig. 7a), the M− ions of TNT, 3,4 DNT and 2,4
NT were separated from one another. The [M−H]− ion of 2,4 DNT,
owever, completely covered the peak for M− ion of 2,6 DNT. This
eans that in a mixture, 2,6 DNT would not easily be detected with-

ut mass spectrometric assistance (i.e. the peaks are not separated
n CV but the M− ion of 2,6 DNT is m/z 182 and the [M−H]− of
,4 DNT is m/z 181). With the addition of ∼7000 ppm water vapor
Fig. 7b), however, all of the species in the dried nitrogen CV spec-
rum (Fig. 7a) shifted to new positions and were fully resolved from
ne another. The order of the ions also changed due to different lev-
ls of behavior with the addition of water vapor. Most interesting,
s was seen in Fig. 4a, is the dramatic difference in CV shifts of the
M−H]− ion and M− ion of 2,4 DNT. With addition of less than 1%
ater vapor to the carrier gas, these ions went from barely being

eparated to being separated by more than 17 V.
Table 2 summarizes the data for the individual CV spectra shown

n Fig. 7. For CV spectra acquired using dried nitrogen, all of the ion
V peak pairs noted showed resolutions higher than one (i.e. base-

ine resolved) except for the [M−H]− ion of 2,4 DNT and M− ion of
,6 DNT which were overlapping, as noted in Fig. 7a. The maximum
esolving power the FAIMS spectrometer achieved with dried nitro-
en was ∼30. For the CV spectra acquired with ∼7000 ppm water
apor added, all of the CV peak pairs showed resolutions well above
ne and are all baseline resolved. The maximum resolving power
he FAIMS spectrometer achieved in these conditions was∼82, due
o the increase in CV values while maintaining relatively narrow
eak widths.

In general, there were substantial analytical gains made by the
ddition of solvent vapor to the curtain/carrier gas used for the
AIMS spectrometer. For the three phthalic acid isomers, adding
olvent vapor made it possible to fully resolve the ions from one
nother. Separation of these ions can also be achieved by also
ncreasing the dispersion voltage or by adding carbon dioxide to
he carrier gas, but neither approach yields such high resolutions
r resolving powers [7,22]. There was a 10× decrease in signal
ntensity under the solvent vapor conditions used to acquire the
V spectra, but as mentioned above, it is not yet known if the
ignal decrease is due to FAIMS behavior or ESI behavior. For the
xplosives analyzed, not only was there a dramatic increase in the

eparation of the analytes, there was an added benefit of being able
o separate individual ionic species for an individual analyte. Signal
ntensity under the conditions used to acquire the CV spectra were
pproximately the same as the signal obtained using dried nitrogen
nly.

[

[

2.7 ± 0.03
,4 DNT (M−) 31.25 ± 0.01 V 81.8 ± 3.3

4. Conclusions

We have shown the changes in behavior of two different groups
of ions with the addition of solvent vapor to the curtain/carrier
gas in a high resolving power planar FAIMS spectrometer. The use
of a high resolving power enabled us to better monitor position
and shape of the CV peaks for individual ions. In general, the ions
showed dramatic shifts to larger CV values with the addition of
solvent vapor. The shift to larger CV values supports the theory
that ions will cluster with solvent and other molecules inside the
FAIMS spectrometer at low-fields and then decluster at the high
fields of the asymmetric waveform cycle. By monitoring the peak
shape and the peak width, it is theorized that different ions may
cluster with solvent molecules by different mechanisms. There are
substantial analytical benefits provided by adding solvent vapor,
although the generality of these results remains to be studied. Fur-
ther investigations into these observed behaviors may lead to a
better understanding of and further development of FAIMS.
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